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Nitrogen (N) isotopic compositions of individual hydrolysable amino acids (d15NAAs) in N pools have been increasingly
used for trophic position assessment and evaluation of sources and transformation processes of organic matter in marine envi-
ronments. However, there are limited data about variability in d15NAAs patterns and how this variability inﬂuences marine
bacteria, an important mediator of trophic transfer and organic matter transformation. We explored whether marine bacterial
d15NAAs proﬁles change depending on the type and C:N ratio of the substrate. The d
15NAAs proﬁle of a marine bacterium,
Vibrio harveyi, was examined using medium containing either glutamate, alanine or ammonium as the N source [substrate
C:N ratios (range, 3 to 20) were adjusted with glucose]. The data were interpreted as a reﬂection of isotope fractionations
associated with de novo synthesis of amino acids by bacteria. Principal component analysis (PCA) using the d15N oﬀset values
normalized to glutamate + glutamine d15N revealed that d15NAAs proﬁles diﬀered depending on the N source and C:N ratio of
the substrate. High variability in the d15N oﬀset of alanine and valine largely explained this bacterial d15NAAs proﬁle variabil-
ity. PCA was also conducted using bacterial and phytoplankton (cyanobacteria and eukaryotic algae) d15NAAs proﬁle data
reported previously. The results revealed that bacterial d15NAAs patterns were distinct from those of phytoplankton. There-
fore, the d15NAAs proﬁle is a useful indicator of biochemical responses of bacteria to changes in substrate conditions, serving
as a potentially useful method for identifying organic matter sources in marine environments.
 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/3.0/).1. INTRODUCTION
Nitrogen (N) isotopic compositions of individual amino
acids (d15NAAs) in living organisms reﬂect the isotopic
fractionations associated with diverse biochemical reactionshttp://dx.doi.org/10.1016/j.gca.2014.05.052
0016-7037/ 2014 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecomm
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1 Present address: Yakult Central Institute for Microbiological
Research, Kunitachi, Tokyo 186-8650, Japan.involved in nitrogen metabolism of cells (Macko et al.,
1986). In marine environments, d15NAAs proﬁles in living
and non-living N pools have been increasingly used to esti-
mate trophic positions of metazoans (McClelland and
Montoya, 2002; Chikaraishi et al., 2009; Hannides et al.,
2009, 2013; Bredley et al., 2014) and assess sources and
transformation mechanisms of detrital and dissolved
organic matter (McCarthy et al., 2007; Calleja et al.,
2013; Hannides et al., 2013). Previous studies have demon-
strated that changing patterns in d15NAAs proﬁles during
trophic transfer is generally similar among metazoans. Thisons.org/licenses/by/3.0/).
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extent of 15N enrichment relative to prey between trophic
amino acids (Tr-AAs; displaying pronounced enrichment
of ca. 6–7& in terms of d15N) and source amino acids
(Src-AAs; displaying less pronounced enrichment of ca.
1&) (McClelland and Montoya, 2002; McCarthy et al.,
2007; Chikaraishi et al., 2009; Bredley et al., 2014). In
contrast, changes in d15NAAs proﬁles during microbial pro-
duction and transformation of organic matter are complex,
which suggests that variability in d15N values among amino
acids (RV index) can be an indicator of the extent of micro-
bial re-synthesis of organic matter (McCarthy et al., 2007).
This variability in d15NAAs proﬁles could be partly
explained by diﬀerences in enzyme forms, accompanied by
diﬀerent isotope fractionations during transamination and
deamination among microbial taxa (McCarthy et al.,
2013). Alternatively, variability in d15NAAs proﬁles may
be related to shifts in biochemical pathways of nitrogen
metabolism depending on growth and substrate conditions.
In a heterotrophic bacterium, Paracoccus denitriﬁcans (a
Gram-negative bacterium found in soils), Pan et al. (2007)
found that the d15NAAs proﬁle changed depending on bac-
terial physiological states, with a notable shift in the alanine
d15N signature in response to a shift in the bacterial respi-
ratory state. However, little data are available on d15NAAs
proﬁles for marine heterotrophic bacteria (Macko et al.,
1987), which has limited our understanding of the processes
underlying d15NAAs proﬁle variability in marine
environments.
In this report, we explore whether bacterial d15NAAs
proﬁles change depending on the type and C:N ratio of
the substrate. The C:N ratio of the organic substrate is an
important biogeochemical parameter, aﬀecting the balance
between catabolic and anabolic reactions in bacteria
(Kirchman, 2012) and the extent of bulk 15N enrichment
relative to the substrate in whole bacterial cells (Collins
et al., 2008). However, to our knowledge, no previous work
has examined whether the d15NAAs proﬁle varies depending
on the substrate C:N ratio. We examined the d15NAAs pro-
ﬁle of marine bacteria grown on glutamate, alanine or
ammonium as the N source initially added to the culture.
When bacteria were fed with a single amino acid, the amino
acid served as the sole amino donor for the synthesis of
other amino acids. Thus, the d15NAAs proﬁle should largely
reﬂect isotope fractionations associated with de novo syn-
thesis of amino acids. This experimental setting diﬀers from
typical situations encountered by bacteria in marine envi-
ronments where a range of amino acids and other inor-
ganic/organic nitrogen compounds with variable
compositions may be available for N assimilation. In such
situations, both de novo and salvage pathways (assimilation
of amino acids directly from the substrate) may inﬂuence
the d15NAAs proﬁle in a complex manner. Nonetheless,
examination of d15NAAs proﬁles that primarily reﬂect iso-
tope fractionations during de novo synthesis of amino acids
is important to increase our understanding of N isotopic
systematics of amino acids in marine bacteria.
The purposes of this study were to (1) explore the char-
acteristic features of bacterial d15NAAs proﬁle variability
(reﬂecting de novo synthesis) depending on the type andC:N ratio of the substrate and (2) to compare these patterns
in bacterial d15NAAs with those reported for marine photo-
autotrophic microbes, including cyanobacteria and eukary-
otic algae (Chikaraishi et al., 2009; McCarthy et al., 2013).
2. METHODS
2.1. Bacterial incubation experiments
Artiﬁcial seawater was prepared according to the
method of Hoch et al. (1992), and contained NaCl
(24 g L1), MgSO4 (6 g L
1), MgCl26H2O (5.3 g L1),
KCl (7 g L1), NaH2PO4 (1.2 g L
1), and NaHCO3
(0.17 g L1) in Milli-Q water. A metal solution (0.5 mL)
containing FeCl36H2O (1000 mg L1), MnSO4H2O
(620 mg L1), ZnSO47H2O (250 mg L1), Na2MoO42H2O
(130 mg L1), CoCl26H2O (4 mg L1), CuSO45H2O
(4 mg L1), and Na2 EDTA (6000 mg L1), as well as a
vitamin solution (0.5 mL) containing thiamine (1 mg L1),
vitamin B12 (0.05 mg L
1), and biotin (0.005 mg L1) were
added to 1 L of the artiﬁcial seawater (Eppley et al.,
1967). We used glutamate (C:N = 5), alanine (C:N = 3),
and ammonium as the N sources, with glucose added to
adjust the C:N ratio of the media. Seven media with diﬀer-
ent combinations of N sources and C:N ratios were pre-
pared: glutamate media with C:N ratios of 5 (hereafter,
this medium is referred to as GLU5; 48.5 mmol C L1
and 9.7 mmol N L1) and 20 (GLU20, 194.0 mmol C L1
and 9.7 mmol N L1), alanine media with C:N ratios of 3
(ALA3, 28.8 mmol C L1 and 9.6 mmol N L1), 5
(ALA5, 48.0 mmol C L1 and 9.6 mmol N L1), and 20
(ALA20, 192.0 mmol C L1 and 9.6 mmol N L1), and
ammonium media with C:N ratios of 5 (AMO5, 48.0 mmol
C L1 and 9.6 mmol N L1) and 20 (AMO20, 192.0 mmol
C L1 and 9.6 mmol N L1). Three liters of each medium
were ﬁltered through Nuclepore ﬁlters (pore size 0.2 lm;
Whatman), and the ﬁltrate was poured into a 9-L polycar-
bonate bottle (a single bottle was prepared for each med-
ium). Vibrio harveyi B-352 (ATCC 33842; a cosmopolitan
species in the surface ocean) was inoculated into each med-
ium and the culture was incubated at 25 C. In experiments
using the glutamate and ammoniummedia,100-mL samples
were ﬁltered through pre-combusted (450 C, 3 h) GF/F
ﬁlters (Whatman) to measure nutrients and particulate
organic matter (POM, i.e., bacterial cells) every 24 h until
120 h. After a 24-, 72-, and 120-h incubation, 400–800-mL
aliquots of the samples were centrifuged (10,000g, 10 min)
and the pellet was collected to determine the d15NAAs values
in bacteria. In experiments using alanine media, samples for
nutrients, POM, and d15NAAs values were collected after
72-h incubation, as described above. The diﬀerence between
the concentration of N in the initial substrate and the sum of
the concentrations of ammonium, nitrate, nitrite, and
particulate N (PN) was considered the concentration of
dissolved organic N (DON).
2.2. Chemical analyses
Concentrations of nitrate, nitrite, and ammonium
were determined using an autoanalyzer, the AACS II
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contents and bulk stable isotope ratios of POM were fumed
with HCl to remove inorganic carbonate, and then dried in
a desiccator. The C and N contents and N isotopic compo-
sition of the POM were determined using an elemental ana-
lyzer (Flash EA 1112, Thermo Fisher) interfaced with an
isotope ratio mass spectrometer (Delta plus XP, Thermo
Fisher) via a Conﬂo III. The N isotopic composition was
expressed in conventional d notation as the diﬀerence in
per mil (&) relative to international standards:
d15N ¼ ½ðRsample=RstandardÞ  1  103;
where Rsample and Rstandard are the
15N/14N of the sample
and the standard (AIR, atmospheric N2), respectively.
To determine the concentrations of total hydrolyzable
amino acids (THAA), ﬁltered samples were hydrolyzed
with 6 M HCl at 110 C for 24 h. The hydrolysate was dried
under a N2 stream and the residue was re-dissolved in Milli-
Q water. Concentrations of amino acids were determined
using high-performance liquid chromatography (HPLC)
with ortho-phthaldialdehyde (OPA) derivatization
(Mopper and Dawson, 1986). Aliquots (2 mL) of the sam-
ples were mixed with 20-lL boric acid/citric acid solution
(v:v = 1:1) and 20-lL OPA solution (24 mg mL1). After
derivatization for 2 min, the sample was injected into the
HPLC using an autoinjector (SIL-10A, Shimadzu). The
HPLC consisted of two pumps (NANOSPACE SI-1, Shise-
ido), a column (CAPCELL PAK C18; 360  2 mm; grain
size, 0.5 lm; Shiseido), and a ﬂuorescence detector
(NANOSPACE SI-1, Shiseido).
Derivatization of amino acids for the determination of
the d15NAAs values was performed as described by Metges
et al. (1996) with minor modiﬁcations (Chikaraishi et al.,
2007). Brieﬂy, each sample was hydrolyzed with 1 mL of
12 M HCl at 110 C for 12 h using a 5-mL glass vial. After
hydrolysis, 2-mL dichloromethane/n-hexane (v:v = 5:6)
was added to the vial, the upper organic solvent layer with
lipids was removed, and the remaining HCl was evaporated
at 60 C under a N2 stream. The carboxyl group of amino
acids was esteriﬁed with thionyl chloride/2-propanol
(v:v = 1:4) at 110 C for 2 h, and the unreacted solvent
was evaporated at 60 C under a N2 stream. The amino
group of amino acids was acylated with pivaloyl chloride/
dichloromethane (v:v = 1:4) at 110 C for 2 h, after which
the unreacted solvent was evaporated at 60 C under a N2
stream. The dried derivatives of amino acids were re-dis-
solved in 1-mL Milli-Q water and 2-mL dichloromethane/
n-hexane (v:v = 5:6). The upper solvent layer with amino
acids was pipetted into glass vials and evaporated at
60 C under an N2 stream. The residue was re-dissolved
with dichloromethane for later isotopic analysis.
The d15NAAs values were determined using a system con-
sisting of a gas chromatograph (Agilent 6890), combustion
and reduction furnaces (Combustion III, Thermo Fisher),
and an isotope ratio mass spectrometer (Delta plus XP,
Thermo Fisher). The GC oven with a capillary column
(ULTRA-2; 25 m  0.32 mm; ﬁlm thickness 0.52 lm; Agi-
lent Technologies) was programmed as follows: initial tem-
perature at 40 C for 4 min, ramping at 8 C min1 to
100 C, and ramping at 6 C min1 to 220 C, after whichit was kept constant for 13 min. The ﬂow rate of the He car-
rier gas was 1.3 mL min1, and CO2 from the furnaces was
trapped by liquid N before it was introduced to the mass
spectrometer. Under our analytical conditions, d15N values
were determined for alanine, valine, leucine, isoleucine,
phenylalanine, methionine (data not available for cultures
using the alanine media), glycine, serine and a combined
glutamate and glutamine pool (hereafter, Glx). The stan-
dard deviation for replicate (n = 3) measurements was ca.
1.0& for all amino acids.
2.3. Statistical analyses of bacterial d15NAAs proﬁle and other
variables
Bacterial d15NAAs proﬁle was examined as the oﬀsets of
d15N of individual amino acids relative to Glx d15N values.
Glutamate was chosen for the oﬀset calculation since it
occupies a central position in bacterial amino acid metabo-
lism, acting as the major amino acid donor during the syn-
thesis of other amino acids (Voet and Voet, 1995).
Additionally, normalization to the Glx d15N value has been
used in other studies (Macko et al., 1987; McCarthy et al.,
2013), facilitating the comparison of d15N proﬁles. In our
analysis of the d15NAAs proﬁle, the data collected between
24–120 h (n = 3) were averaged for the results obtained
using the glutamate and ammonium media [the standard
deviation of the oﬀset values was generally <1& (range,
0.2–2.0&), which was lower than or close to the analytical
variation (ca. 1&)]. For the results obtained using alanine
media, this type of analysis was not feasible because only
a single data point obtained at 72 h was available for each
C:N ratio. Diﬀerences in d15NAAs proﬁles among bacteria
cultured on diﬀerent substrates and among microbial taxa
reported in the literature were examined using principle
component analysis (PCA) with JMP11 (SAS Inc.). For
the PCA, d15N oﬀset values relative to Glx of alanine,
valine, leucine, isoleucine, phenylalanine, glycine and serine
were used. Statistical comparisons of the mean values were
conducted using Student’s t-test or one-way analysis of var-
iance (ANOVA), unless otherwise noted.
3. RESULTS
3.1. N inventories and bulk d15N
Time courses of the concentrations of ammonium, DON
and PN in media containing glutamate or ammonium
showed little variation after 48 h (Electronic Annex,
Fig. EA1). Average N inventories for the data collected
during the incubation period of 48–120 h (in the case of ala-
nine media, only data collected at 72 h are available) are
shown in Table 1. Depending on the type and C:N ratio
of the medium, 15–28% of the substrate N initially added
was recovered as PN. In the alanine and glutamate media,
the percentages of initially added N recovered as ammo-
nium diﬀered signiﬁcantly depending on the C:N ratio of
the medium. In the glutamate media, 25% of the N was
recovered as ammonium when the C:N ratio was low
(GLU5), whereas the corresponding value was only 1%
when the C:N ratio was high (GLU20). Similarly, in the
Table 1
N inventories of PN, ammonium and DON. Concentrations (lmole L1) and the percentages relative to the initial addition (in parentheses)
are given. Errors (n = 4) are 1 standard deviation (for DON, error propagation is taken into account). Data for ALA3, ALA5 and ALA20 are
from a single measurement. Concentrations of nitrate and nitrite were below the detection limit (<0.01 lmole L1) in all cultures.
Initial N addition N inventory after the incubation (>48 h)
PN NH4
+ DON
GLU5 9700 2720 ± 640 2440 ± 220 4540 ± 670
(100) (28) (25) (47)
GLU20 9700 1430 ± 20 100 ± 20 8180 ± 30
(100) (15) (1) (84)
ALA3 9600 2120 3360 4120
(100) (22) (35) (43)
ALA5 9600 2290 4070 3250
(100) (24) (42) (34)
ALA20 9600 1250 90 8260
(100) (24) (1) (86)
AMO5 9600 2080 ± 370 6580 ± 50 940 ± 370
(100) (22) (69) (10)
AMO20 9600 2260 ± 70 6490 ± 50 860 ± 90
(100) (24) (68) (9)
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were low (1%) and high (35–42%) for the media with high
(ALA20) and low (ALA3 and ALA5) C:N ratios, respec-
tively. In the ammonium media, the percentage of initially
added N recovered as DON was 9–10% for AMO5 and
AMO20.
In the glutamate medium, the average 15Dbac-sub value
(=d15N of POM – d15N of the substrate) in GLU5
[4.2 ± 0.2&; mean ± standard deviation (S.D.)] was signif-
icantly (p < 0.001) higher than that in GLU20
(1.0 ± 0.2&) (Electronic Annex, Fig. EA2). In the alanine
and ammonium media, the cells were depleted in 15N rela-
tive to the substrate regardless of the C:N ratio of the
medium.
3.2. d15NAAs proﬁles
d15N values for individual amino acids (relative to d15N
of the substrate initially added to the culture) varied widely
(range, 23 to 16&) depending on amino acid and the sub-
strate condition (Fig. 1a–c). Notable features in d15N AAs
variability emerged after normalization to Glx d15N
(Fig. 1d–f). In the glutamate media, the positive oﬀset of
alanine d15N relative to Glx was found in both GLU5
and GLU20. The oﬀset values (mean ± S.D.) were
3.1 ± 0.5& and 10.0 ± 1.0& for GLU5 and GLU20,
respectively, with the latter being signiﬁcantly (p < 0.001)
higher than the former (Fig. 1d). Valine d15N was also sig-
niﬁcantly (p = 0.01) higher than that of Glx in GLU20
(0.8 ± 0.2&), although the oﬀset value was not as high as
for alanine. In GLU5, valine d15N oﬀset was not signiﬁ-
cantly (p = 0.1) diﬀerent from zero. Other amino acids
showed signiﬁcantly (p < 0.05) lower d15N values relative
to Glx (range, 3.1& to 9.4&), except that the d15N oﬀ-
set for methionine relative to Glx was not signiﬁcantly
(p = 0.99) diﬀerent from zero in GLU5. Among these
amino acids, d15N oﬀset did not diﬀer signiﬁcantly
(p > 0.05) between GLU5 and GLU20, except that thephenylalanine d15N oﬀset in GLU5 was signiﬁcantly
(p < 0.001) higher than that in GLU20. The depletion in
d15N relative to Glx was most pronounced for serine.
In alanine media, d15NAAs proﬁles were similar regard-
less of the substrate C:N ratio (Fig. 1e). Similar to the
results obtained in the glutamate media, alanine (and to a
lesser extent valine) were enriched with 15N relative to
Glx. It is notable that alanine d15N oﬀsets relative to Glx
(19.9 ± 3.9&; mean ± S.D. for ALA3, ALA5 and
ALA20) were much higher than the corresponding values
in GLU5 and GLU20. Other amino acids (leucine, isoleu-
cine, phenylalanine, glycine and serine) were depleted in
15N relative to Glx. The most pronounced 15N depletion
relative to Glx was found in serine.
In ammonium media, all amino acids (except for valine)
were depleted in 15N relative to Glx, displaying negative
d15N oﬀsets (Fig. 1f). The negative oﬀset values were rela-
tively high for serine and phenylalanine, whereas they were
low for alanine. The d15N oﬀset values of individual amino
acids did not diﬀer signiﬁcantly (p > 0.05) between AMO5
and AMO20, except that glycine d15N oﬀset in AMO20
(6.2 ± 0.2&) was signiﬁcantly (p = 0.03) higher than in
AMO5 (5.4 ± 0.3&).
3.3. PCA of d15NAAs
PCA yielded three signiﬁcant (v2 test, p < 0.0001) PCs,
which collectively explained 88.2% of variation in the total
data (Table 2). The biplot of PC scores on the plane of PC1
(explaining 46.4% of total variation) and PC2 (explaining
26.7% of total variation) axes revealed four separate groups
corresponding to the bacteria grown on alanine media (I;
ALA3, ALA5 and ALA20), ammonium media (II;
AMO5, AMO20), and glutamate media with low C:N
ratios (III, GLU5) and high C:N ratios (IV, GLU20)
(Fig. 2a). PC1 scores of these four groups diﬀered signiﬁ-
cantly (p < 0.05) [ANOVA with a Holm-Sidak pairwise
multiple comparison]. Among individual amino acids, ala-
Fig. 1. d15N oﬀset of individual amino acids relative to d15N of the substrate initially added to the culture (a–c) or relative to Glx d15N (d–f)
for bacteria grown on glutamate media (a, d), alanine media (b, e), and ammonium media (c, f). See text for abbreviations of the media.
Horizontal bar with an asterisk (followed by the p level of the t-test) indicates that the oﬀset relative to Glx d15N values diﬀer signiﬁcantly
between media with diﬀerent C:N ratios. d15N of the substrate initially added to the culture was 5.6& for glutamate, 2.1& for alanine, and
5.9& for ammonium. Amino acid abbreviations on the X-axis are as follows: Ala, alanine; Val, valine; Leu, leucine; Ile, isoleucine; Phe,
phenylalanine; Glx, glutamate + glutamine; Met, methionine; Gly, glycine; Ser, serine. NA, data not available.
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loading of alanine and valine was 0.97 and 0.92, respec-
tively) (Fig. 2b, Table 2).
4. DISCUSSION
4.1. Inﬂuence of substrate conditions on bacterial d15NAAs
Our data supported the notion that bacterial d15NAAs
proﬁles normalized to Glx varied depending on the N
source (alanine, glutamate or ammonium) and the C:N
ratio of the substrate. The most remarkable features in d15-
NAAs variability include highly variable d
15N oﬀset values
of alanine depending on the substrate conditions. Indeed,
a strikingly high loading (0.97) of this single amino acidon PC1, which explained nearly half of the total variation,
indicates that the d15N oﬀset of alanine was largely respon-
sible for variations in d15NAAs proﬁles depending on the
substrate. It is also notable that the d15N of alanine signif-
icantly exceeded Glx d15N when bacteria were fed with glu-
tamate or alanine as the N source.
For alanine media, the enrichment of 15N in alanine rel-
ative to Glx is probably due to alanine deamination and
transamination (and associated kinetic isotope fraction-
ation), which provides N for the synthesis of glutamate
and other amino acids. In fact, V. harveyi possesses multiple
(at least 16) aminotransferase proteins, including those that
potentially catalyze alanine transamination (e.g., AlaT,
avtA), according to the Kyoto Encyclopedia of Genes
and Genomes (http://www.genome.jp/kegg). In glutamate
Table 2
PCA results of the d15NAAs data collected for V. harveyi grown under diﬀerent substrate conditions. Comparison of PC scores among
treatments was conducted by ANOVA with the Holm-Sidak pairwise procedure.
PC 1 2 3
Eigenvalue 3.25 1.87 1.06
% 46.4 26.7 15.2
Cumulative% 46.4 73.1 88.2
P <.0001 <.0001 <.0001
PC Loadings
Ala 0.97 0.07 0.10
Val 0.92 -0.27 -0.08
Leu 0.65 -0.42 0.35
Ileu 0.63 0.62 0.24
Phe 0.66 0.70 0.06
Gly 0.40 0.85 0.12
Ser 0.21 0.18 0.92
Comparison of PC scores among treatments
ANOVA <0.001 <0.001 0.96
Holm-Sidak pairwise comparison (mean PC scores diﬀer signiﬁcantly between the paired
treatments; *p < 0.05, **p < 0.01, ***p < 0.001)
ALA vs.
AMO20***
GLU20 vs.
AMO20***
ALA vs.
AMO5***
GLU20 vs.
ALA**
ALA vs.
GLU5***
GLU20 vs.
AMO5**
ALA vs.
GLU20***
GLU5 vs.
AMO20**
GLU20 vs.
AMO20***
GLU5 vs.
ALA**
GLU20 vs.
AMO5***
GLU5 vs.
AMO5*
GLU20 vs.
GLU5*
Fig. 2. (a) Biplot of PCA sample scores. Four clusters (I–IV) were distinguished. Alphabets indicate diﬀerent samples, as follows (see text for
abbreviations of the media. Incubation periods are given in parentheses); A = ALA20 (72 h), B = ALA3 (72 h), C = ALA5 (72 h),
D = AMO20 (120 h), E = AMO20 (24 h), F = AMO20 (48 h), G = AMO5 (120 h), H = AMO5 (24 h), I = AMO5 (72 h), J = GLU20
(120 h), K = GLU20 (24 h), L = GLU20 (48 h), M = GLU5 (120 h), N = GLU5 (24 h), O = GLU5 (72 h). (b) Biplot of individual amino
acid loadings (see the legend of Fig. 1 for amino acid abbreviations).
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Glx was more pronounced for media with higher C:N ratios
(the oﬀset value of 3.1 ± 0.5& for GLU5 versus10.0 ± 1.0& for GLU20). This strong shift in the isotopic
proﬁle depending on the substrate C:N ratio was notable.
Pan et al. (2007) reported distinct responses of the d15N
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states. They suggested that alanine could function as an
alternative amino acid source to glutamate, depending on
the bacterial respiratory state. These responses of alanine
d15N signatures to the physiological state of the bacteria
may be attributable to the unique position of alanine in C
and N metabolism. The C skeleton of alanine is degraded
to pyruvate, which serves as a glucose precursor and medi-
ates large ﬂuxes of C in cells (Voet and Voet, 1995). In addi-
tion, the alanine d15N shifts in response to changes in the
substrate C:N ratio may be related to peptidoglycan synthe-
sis regulation. Alanine is a critical component of peptido-
glycan synthesis, which involves racemization of L- to D-
alanine. Changes in the relative branching ratios between
peptidoglycan and protein synthesis may aﬀect the 15N iso-
topic signatures of alanine (Pan et al., 2007). It is interesting
to note that a strong d15N shift in alanine relative to Glx
has been observed in decomposing organic matter, includ-
ing sinking POM samples collected in the Equatorial Paciﬁc
Ocean (McCarthy et al., 2007) and dissolved organic matter
excreted by phytoplankton (Calleja et al., 2013).
The large variability in d15N for alanine relative to Glx
could aﬀect variation in the d15N oﬀset of other amino acids
including valine, which also had a high loading (0.92) on
PC1. Our results also showed that phenylalanine (in the
case of glutamate media) and glycine (ammonium media)
diﬀered signiﬁcantly in d15N oﬀset relative to Glx depend-
ing on the C:N ratio of the substrate. Although the mecha-
nisms underlying the d15N variability of amino acids remain
unclear, the above results indicated that d15N oﬀset values
of alanine and some other amino acids (valine, phenylala-
nine and glycine) may be a useful indicator of bacterial
growth conditions (substrate C:N ratio) during the re-syn-
thesis of organic matter in marine environments.
4.2. Comparison of d15NAAs proﬁles between bacteria and
phytoplankton
McCarthy et al. (2013) examined d15NAAs proﬁles of 12
marine phytoplankton cultures to investigate characteristic
features in and diﬀerences between d15NAAs patterns for
cyanobacteria and eukaryotic algae. They found that the
d15N oﬀsets relative to Glx were minimal for aspartate/
asparagine, alanine, valine, and proline (these amino acids
were assigned as non-fractionating amino acids), whereas
the corresponding oﬀsets were large for threonine, phenyl-
alanine, glycine, isoleucine, leucine and serine (fractionating
amino acids). Because these two amino acid groups were
broadly (if not perfectly) matched to Tr-AA (corresponding
to the non-fractionating amino acids) and Src-AA (corre-
sponding to the fractionating amino acids with exceptions
of leucine and isoleucine) in metazoan consumers
(Chikaraishi et al., 2009), it is possible that there is a com-
mon underlying biochemical mechanism by which the d15-
NAAs proﬁle is shaped in both phytoplankton and
metazoans (McCarthy et al., 2013). Our d15NAAs results
for heterotrophic bacteria using the ammonium media
(AMO5, AMO20) were consistent with the data for phyto-
plankton examined by McCarthy et al. (2013). That is, ala-
nine and valine (non-fractionating amino acids) hadminimal d15N oﬀsets relative to Glx, whereas other amino
acids (fractionating amino acids) displayed relatively large,
negative d15N oﬀsets relative to Glx (Fig. 1f). However,
when the same bacteria were cultured with either glutamate
or alanine as the N source, bacterial d15NAAs patterns dif-
fered signiﬁcantly from those of phytoplankton, especially
with regard to large and positive d15N oﬀsets of alanine rel-
ative to Glx (Fig. 1d, e). Also, valine had large, positive
d15N oﬀsets relative to Glx in alanine media (Fig. 1e). These
deviations could be the result of alanine deamination/trans-
amination and associated kinetic isotope fractionation as
discussed above (see Section 4.1). We note that the situation
in which a single amino acid—such as glutamate or ala-
nine—is assimilated by bacteria as the sole N source would
not be common in natural marine environments where
diverse and variable mixtures of both organic and inorganic
N sources for bacterial assimilation are likely available.
However, little is known regarding the relative contribution
of diﬀerent amino acids to total bacterial nitrogen assimila-
tion in natural marine environments. Unbalanced supply of
amino acids could constrain bacterial N assimilation,
allowing bacteria to use only limited types of amino acids,
depending on the extant biogeochemical conditions. Our
results obtained using glutamate or alanine media represent
an “end-member” situation of the broad spectrum of bacte-
rial N assimilation.
In addition to the broad consistency in d15NAAs proﬁles
in phytoplankton, McCarthy et al. (2013) noted diﬀerences
in d15NAAs patterns between cyanobacteria and eukaryotic
algae. Their PCA results showed that, when normalized to
the d15N of Glx, these two domains were separated (with
the exception of Prochlorochoccus marinus) on PC1, which
explained 47% of the total variation. The amino acids that
had relatively large loading (0.35–0.41) on PC1 included
leucine, isoleucine, aspartate/asparagine and alanine.
Because these two taxonomic groups represent deeply
rooted lineages (domains) of life, the diﬀerence in the d15-
NAAs proﬁle was ascribed to the diﬀerence in the forms of
enzymes involved in amino acid metabolism.
To compare d15NAAs patterns among cyanobacteria,
eukaryotic algae and heterotrophic bacteria, we conducted
PCA using our own data and those reported in the litera-
ture (bacterial data from Macko et al., 1987; data for cya-
nobacteria and eukaryotic algae from Chikaraishi et al.,
2009 and McCarthy et al., 2013). For this analysis, d15N oﬀ-
set values relative to Glx of 7 amino acids (alanine, valine,
leucine, isoleucine, phenylalanine, glycine and serine) were
used. The resultant dataset consisted of 17 data from bacte-
ria, 15 data from cyanobacteria and 19 data from eukary-
otic algae. PCA yielded three signiﬁcant (v2 test,
p < 0.0001) PCs, which collectively explained 75.7% of the
total variation (Table 3). Interestingly, three groups of
organisms (heterotrophic bacteria, cyanobacteria, and
eukaryotic algae) were signiﬁcantly separated by the PC1
scores (Fig. 3a, Table 3). Amino acids that showed rela-
tively high loading on PC1 (0.6–0.8) included leucine, iso-
leucine, phenylalanine and serine (Fig. 3b, Table 3). PC3
scores also revealed diﬀerences in d15NAAs patterns between
bacteria and cyanobacteria (p = 0.002) and between
cyanobacteria and eukaryotic algae (p = 0.038), with
Table 3
PCA results of the d15NAAs data collected for V. harveyi grown under diﬀerent substrate conditions (this study) and those from previous
studies (bacterial data fromMacko et al., 1987; data for cyanobacteria and eukaryotic algae from Chikaraishi et al., 2009 and McCarthy et al.,
2013). Only the literature data reporting d15N oﬀsets relative to Glx for the following set of amino acids were used: alanine, valine, leucine,
isoleucine, phenylalanine, glycine and serine. In the dataset of McCarthy et al. (2013), the d15NAAs data for Pseudo-nitzchia multiseries were
anomalous and not included in this analysis. Comparison of PC scores among groups (Cyano, cyanobacteria; Euk, eukaryotic algae; Bac,
heterotrophic bacteria) was conducted by ANOVA with the Holm-Sidak pairwise procedure, except for PC2 in which ANOVA on ranks was
used because the normality assumption was not met.
PC 1 2 3
Eigenvalue 2.24 1.74 1.32
% 32.0 24.8 18.8
Cumulative% 32.0 56.8 75.7
P <.0001 <.0001 <.0001
PC Loadings
Ala -0.12 0.87 0.31
Val 0.17 0.85 -0.18
Leu 0.61 0.41 -0.48
Ile 0.73 0.21 -0.54
Phe 0.80 0.10 0.20
Gly 0.45 0.10 0.64
Ser 0.66 0.16 0.47
Comparison of PC scores among groups
ANOVA <0.001 0.508 (ANOVA on
ranks)
0.003
Holm-Sidak pairwise comparison (mean PC scores diﬀer signiﬁcantly between the
paired groups; *p < 0.05, **p < 0.01, ***p < 0.001)
Cyano vs.
Bac***
Bac vs.
Cyano**
Euk vs.
Bac***
Cyano vs.
Euk*
Cyano vs.
Euk*
Fig. 3. (a) Biplot of PCA sample scores. Bacterial data are from this study (A–F; A, alanine media including ALA3, ALA5 and ALA20; B,
AMO20; C, AMO5; D,GLU20; E, GLU5) and Macko et al. (1987) (F). Data for cyanobacteria (G) and eukaryotic algae (H) are from
Chikaraishi et al. (2009) and McCarthy et al. (2013). See the heading of Table 3 for the details of data handling.
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suggest that, in addition to the d15NAAs pattern diﬀerence
between cyanobacteria and eukaryotic algae, as previously
demonstrated by McCarthy et al. (2013), there is a
characteristic d15NAAs pattern that broadly distinguishesheterotrophic bacteria from phytoplankton. We note, how-
ever, that this assertion requires conﬁrmation given that
data on bacteria for this analysis are limited (only the data
for V. harveyi were used). PC2 did not discriminate the
organism groups, but this axis appears to explain d15NAAs
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N source and C:N ratio of the substrate) for bacterial
growth (Fig. 3). High loadings of alanine (0.87) and valine
(0.85) on PC2 (Table 3) are consistent with the PCA results
(PC1 loadings) obtained using only our V. harveyi data
(Table 2, Fig. 2).
4.3. Conclusions and future perspectives
Our multivariate analyses of d15NAAs proﬁle data from
marine bacteria grown on diﬀerent media revealed that d15-
NAAs proﬁles in marine bacteria change depending on the N
source and C:N ratio of the substrate. Remarkable features
in bacterial d15NAAs patterns included highly variable d
15N
oﬀsets of alanine and valine relative to Glx. Our analyses of
d15NAAs proﬁles reported in previous studies also revealed
that bacterial d15NAAs are distinct from those of phyto-
plankton (cyanobacteria and eukaryotic algae). These
results allow us to identify several important areas for future
research. Firstly, elucidation of mechanisms underlying bac-
terial d15NAAs variability, especially that of d
15N oﬀsets of
alanine, depending on substrate conditions, clearly deserves
further research. Possible eﬀects of peptidoglycan synthesis
and other biochemical conditions of bacteria on large
d15N variability for alanine suggest that the combined use
of d15N oﬀsets and enantiometric ratios of alanine, the latter
having been used as a geochemical indicator of the contribu-
tion of bacteria-derived organic matter (McCarthy et al.,
1998), could provide a novel means for understanding
sources and transformation of organic nitrogen. Secondly,
patterns in d15NAAs proﬁles for bacteria distinct from those
for cyanobacteria and eukaryotic algae suggest that d15NAAs
can vary at the base of food chains depending on what types
of de novo pathways are mainly responsible for the regula-
tion of amino acid synthesis. It remains to be examined
experimentally whether and how bacterial d15NAAs signa-
tures are altered (or conserved) during microbial trophic
transfer (via protist grazing) and viral lysis. Such informa-
tion should help interpret d15NAAs variability in marine sys-
tems where the microbial loop dominates organic matter
transformation. Further investigation is also required to
examine the inﬂuence of bacterial d15NAAs variability on
trophic position assessment for marine metazoans based
on diﬀerences in d15N between Src-AA and Tr-AA
(McClelland and Montoya, 2002; McCarthy et al., 2007;
Chikaraishi et al., 2009; Bredley et al., 2014).
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